
ANL-6985 
ANL-6985 

argonne Bational laboratorg 
A CONVECTIVE-DIFFUSION STUDY OF 

THE DISSOLUTION KINETICS 
OF 304 STAINLESS STEEL IN 

THE BISMUTH-TIN EUTECTIC ALLOY 

by 

T. F. Kassner 



This report was 
States. Dor the C 

A. Makes ai! 
racy, completent 
of any lnformatioir^i^a?SuB^meffi5^^^WW^WIHW8W!nBinS?BfHRS^ 
privately owned rights; or 

B. Assumes any liabilities with respect to the use of. or for damages resulting from the 
use of any Information, apparatus, method, or process disclosed In this report. 

As used in the above, "person acting on behalf of the Commission" Includes any em­
ployee or contractor of the Commission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee of such contractor prepares, 
disseminates, or provides access to. any Information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 

Printed in USA. Price $2.00. Available from the Clearinghouse for Federal 
Scientific and Technical Information, National Bureau of Standards, 

U. S. Department of Commerce, Springfield, Virginia 



ANL-6985 
Chemistry (TID-4500) 
AEC Research and 
Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne. Illinois 60439 

A CONVECTIVE-DIFFUSION STUDY OF 
THE DISSOLUTION KINETICS 
OF 304 STAINLESS STEEL IN 

THE BISMUTH-TIN EUTECTIC ALLOY 

by 

T. F. Kassner 

Metallurgy Division 

Metallurgy Program 8.2.4 

Portions of this mater ia l have appeared in 
ANL-7000, pp. 133-134 (1964) 

November 1965 

Operated by The University of Chicago 
under 

Contract W-31-109-eng-38 
with the 

U. S. Atomic Energy Commission 





TABLE OF CONTENTS 

Page 

ABSTRACT 

INTRODUCTION 

KINETICS OF DISSOLUTION ^ 

CONVECTIVE DIFFUSION IN LIQUIDS 

EXPERIMENTAL METHOD ^^ 

20 
RESULTS 

24 
DISCUSSION 

SUMMARY AND CONCLUSIONS ^^ 

APPENDIXES 

A. Chemical Analysis for the 304 SS Sample Material 29 

B. Chemical-analysis Data for the Dissolution Runs 30 

C. Equilibrium-solubility Data for 304 SS in the Bi-42w/oSn ^^ 
Eutectic Alloy 

40 ACKNOWLEDGMENT 

41 
REFERENCES 



LIST O F F IGURES 

No. T i t l e P a g e 

1. Schema t i c R e p r e s e n t a t i o n of F low L i n e s n e a r the S u r f a c e of a 
Rota t ing D i s c . . 10 

2. G r a p h of the F u n c t i o n s F(5) , G(?) , and -H(4) 11 

3. Schemat i c D i a g r a m of the D i s s o l u t i o n A p p a r a t u s 19 

4. T e m p e r a t u r e Dependence of the Solubi l i ty of I r on f r o m 304 SS 
in the B i s m u t h - T i n E u t e c t i c Alloy 21 

5. T e m p e r a t u r e Dependence of the Solubi l i ty of C h r o m i u m f r o m 
304 SS in the B i s m u t h - T i n E u t e c t i c Alloy 21 

6. T e m p e r a t u r e Dependence of the Solubi l i ty of N i c k e l f r o m 
304 SS in the B i s m u t h - T i n E u t e c t i c Al loy . 21 

7. T e n n p e r a t u r e Dependence of the Solubi l i ty of M a n g a n e s e f r o m 
304 SS in the B i s m u t h - T i n E u t e c t i c Al loy 21 

8. T e n n p e r a t u r e Dependence of the Solubi l i ty of 304 SS in the 
B i s m u t h - T i n E u t e c t i c Alloy 22 

9. The Effect of Ro ta t iona l Speed of the D i s c on the M a x i m u m 
Dis so lu t ion F lux of I ron f rom 304 SS at 860°C 23 

10. The Effect of Ro ta t iona l Speed of the Di sc on the M a x i m u m 
Dis so lu t ion F lux of 304 SS at 860°C 23 

11. The T e m p e r a t u r e Dependence of the M a x i m u m D i s s o l u t i o n 
F lux of I ron a t 10.0 r p m 24 

12. The T e m p e r a t u r e Dependence of the M a x i m u m D i s s o l u t i o n 
F lux of 304 SS at 10.0 r p m . 24 

13. M i c r o g r a p h s of the C r o s s Sect ion and Sur face of a D i s c S a m ­
ple at the Conclus ion of a 150-hr D i s s o l u t i o n Run at 860°C. . . . 27 



LIST OF TABLES 

No. Title Z i l S 

I. Values of the Integral I ( D / V ) ^°^ ^ Range of Schmidt Numbers 
between 4 and 1000 16 

II. Values for the Hydrodynamic and Convective-diffusion 
Boundary Layers Produced by a 5.08-cm-diam Disc Rotating 

the Bismuth-Tin Eutectic Alloy at 860''C 1̂  
m 

III. Viscosity Data for the Bismuth-Tin Eutectic Alloy 

IV. Slopes of the Initial Portion of the Concentration-vs-Time 
Curves for Iron and the Maximum Flux of Iron. Jjn(Fe), from 
304 SS into the Bismuth-Tin Eutectic Alloy with 60% Confi­
dence Limits 

li 

23 





A CONVECTIVE-DIFFUSION STUDY OF 
THE DISSOLUTION KINETICS 
OF 304 STAINLESS STEEL IN 

THE BISMUTH-TIN EUTECTIC ALLOY 

by 

T. F. Kassner 

ABSTRACT 

The kinetics of dissolution of Type 304 stainless steel 
in the bismuth-42w/o tin eutectic alloy have been investigated 
under the well-defined hydrodynamic conditions produced by 
the rotating-disc sample geometry. The experiments were 
ca r r ied out in the temperature interval of 200 to 1100°C at 
rotational speeds between 2 and 150 rpm. A convective-
diffusion model was used to interpret the experimental data. 
The dissolution process was found to be liquid-diffusion con­
trolled under specific conditions of temperature and Reynolds 
number. 

INTRODUCTION 

The use of liquid metals in nuclear reactor designs as heat- t ransfer 
fluids, as fuel dispersants , and as fusible sealants in certain reac tors has 
necessi tated the investigation of numerous problems of corrosion and mass 
t ranspor t inherent in liquid-metal systems. Most of the experimental work 
in the area of liquid-metal corrosion is undertaken with the immediate ob­
jective of finding the most suitable container or fuel cladding mater ia l . 
Static capsule tests and dynamic tests involving both thermal-convection 
and forced-circulation loops have become almost universal standards for 
determining the relative corrosion behavior of mater ia l s . In comparison, 
relatively little has been done to investigate the basic mechanisms by which 
corrosion takes place. The resul t of the wide imbalance in effort between 
fundamental studies and engineering tests has been to reduce the effective­
ness of the engineering tests from the standpoint of being able to extrapolate 
the data with confidence to reactor systems having varying environmental 
conditions. The present investigation was undertaken with the following 
objectives: 1) to investigate a liquid-metal corrosion process in a manner 
permitting a quantitative treatment of mass transport ; 2) to evaluate the 
potential corrosion problem of Type 304 stainless steel used as the con­
tainment mater ia l for the low-melting, bismuth-tin eutectic alloy in the 
EBR-II reactor seal. 



KINETICS O F DISSOLUTION 

The t h e o r e t i c a l b a s i s for the k i n e t i c s of d i s s o l u t i o n of so l id s in 
l iquids has been f o r m u l a t e d f rom n u m e r o u s s t u d i e s of the so lu t ion of i n o r ­
ganic and o rgan ic s a l t s in w a t e r and in nonaqueous s o l v e n t s . B i r c u m s h a w 
and Riddi ford ' have r e v i e w e d m u c h of this w o r k . D i s s o l u t i o n da t a for so l id 
m e t a l s in l iquid m e t a l s have a l s o been i n t e r p r e t e d in t e r m s of the g e n e r a l 
f r a m e w o r k developed for the aqueous s y s t e m s . ^ " 

The ove ra l l d i s so lu t i on r a t e of a so l id in a l iquid i s d e t e r m i n e d by 
the r e l a t i v e magn i tudes of the r a t e a t which a t o m s p a s s f rom the so l id s u r ­
face into the l iquid l a y e r i m m e d i a t e l y ad jacen t to the sol id , and the r a t e at 
which the a t o m s diffuse f rom the l iquid l a y e r into the bulk of the l iqu id 
ba th . 

The N e r n s t - B r u n n e r e q u a t i o n , ' which def ines the r a t e of flow of 
a toms a c r o s s an a r e a A into a vo lume V*. can be w r i t t e n as 

^ ^ ^ ( C s - C ) , (I) 

whe re Cg is the s a t u r a t i o n c o n c e n t r a t i o n of so lu te in the l iquid phase and 
C is the concen t r a t i on at any t i m e , t. The p r o p o r t i o n a l i t y c o n s t a n t K is the 
solut ion r a t e cons tan t for the d i s so lu t ion p r o c e s s and can be w r i t t e n as 

kskd ^ 3 ( 0 / 6 N i 
k j + k d + '^s ( D / 6 N ) + ks 

(2) 

w h e r e kg is the r a t e cons tan t for the p a s s a g e of so lu te a t o m s into the dif­
fusion l a y e r , and k(j = D/djq i s the r a t e c o n s t a n t for the diffusion of so lu te 
a t o m s a c r o s s the boundary l aye r 6-^. When diffusion in the l iquid i s r a t e -
con t ro l l ing , K = D / 6 N ; when p a s s a g e of so lu te a t o m s into the l iquid i s 
r a t e - c o n t r o l l i n g , K = k 

N e r n s t and B r u n n e r o r ig ina l ly pos tu l a t ed that i n t e r f a c i a l r e a c t i o n s 
a r e fast enough to c a u s e the o v e r a l l r e a c t i o n r a t e to be l i m i t e d by the r a t e 
a t which r e a c t a n t s can diffuse a c r o s s an effect ively s t agnan t f i lm of th ick­
n e s s 6j^. T h r e e i m p o r t a n t i m p l i c a t i o n s of th is p o s t u l a t e , which c a n be s e e n 
from Equat ion (1), a r e : (1) the r e a c t i o n k i n e t i c s should be f i r s t - o r d e r with 
r e s p e c t to the bulk r e a c t a n t c o n c e n t r a t i o n ; (2) the t e m p e r a t u r e d e p e n d e n c e 
of the o b s e r v e d r e a c t i o n r a t e should be c h a r a c t e r i s t i c of a m o l e c u l a r diffu­
sion p r o c e s s , and not that of a c h e m i c a l r e a c t i o n ; and (3) the r e a c t i o n r a t e 
should be influenced by s t i r r i n g condi t ions th rough c h a n g e s in the e f fec ­
tive diffusion f i lm, 6jyf. 



The Nernst-Brunner theory, when first proposed, was viewed as a 
general theory for heterogeneous reactions. In subsequent yea r s , the 
theory encountered considerable cr i t ic ism because it was found that d i sso­
lution in many systems was not influenced by hydrodynamic factors. Cr i t i ­
cism was also directed at the oversimplification of the "stagnant-layer" 
concept and the fact that no means of calculating the effective diffusion 
layer was proposed. With regard to the first cr i t ic ism, the theory was 
eventually recognized to be the limiting case for liquid-diffusion-controlled 
dissolution ra tes . The diffusion-controlled consequences of the theory have 
since been placed upon firm theoretical ground by Levich.' '^ The quantita­
tive t reatment for mass t ransport in liquid is developed in the following sec­
tion for the rotating-disc sample configuration used in this study. 

CONVECTIVE DIFFUSION IN LIQUIDS 

Two mechanisms are involved in the t ransport of a solute by a mov­
ing liquid. F i r s t , molecular diffusion results from concentration differences 
in the liquid; second, solute particles a re entrained by the moving liquid 
and transported with it. The combination of these two processes is called 
convective diffusion of the solute in the liquid. 

When a reaction involving the solute takes place at a solid-liquid 
interface, the concentration of solute in the liquid phase may vary from 
point to point in the liquid as a function of time. The differential equation 
that is satisfied by the function C(x,y.z.t) in a moving liquid can be 
written as 

or 

J Total ~ J Diffusion "•" -^Convection 

JTotal = - ° g ^ ^ ' i ^ + ^ ' ' -
(3) 

The first t e rm on the right represents the diffusional flux of solute 
under a concentration gradient, and the second term gives the additional 
flux of solute that is entrained by the flowing s t ream. Application of the 
continuity equation 

be , . . (4) 
_ = - d - J T 

to Equation (3), along with the assumptions that D. the solute diffusivity is 
independent of composition and that the liquid is an incompressible fluid, 
yields the following general equation for convective diffusion of a solute m 
the liquid: 

i £ = DV^C - V grad C. (5) 
St 
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In the c y l i n d r i c a l - c o o r d i n a t e s y s t e m , Equa t ion (5) b e c o m e s 

_SC 

St 
= D b^c yc 1 sc 1 b^c 

by' "" br' br 
be :^bc be 

^ Sr r a r ^ ay_ 

(6) 

The f i r s t g roup of t e r m s on the r igh t r e p r e s e n t s the u n s t e a d y - s t a t e diffu­
sion of solute ( F i c k ' s Second Law). The o t h e r t e r m s take into a c c o u n t the 
effect of fluid mot ion on the d i s t r i b u t i o n of so lu te in the l iquid p h a s e . The 

f a c t o r s Vj.. V0 , and Vy a r e the ve loc i ty c o m p o ­
nents of fluid flow in the r a d i a l , t a n g e n t i a l , and 

V ax ia l d i r e c t i o n s , r e s p e c t i v e l y , and a r e a funct ion 
'^ of pos i t ion within the s y s t e m . 

A m a t h e m a t i c a l so lu t ion to E q u a t i o n (6) 
can be obta ined by specifying a suff ic ient n u m b e r 
of boundary and in i t i a l cond i t i ons if the ve loc i ty 
functions V^, V 0 , and Vy a r e known. The bound­
a r y and in i t i a l cond i t ions depend upon the n a t u r e 
of the p h y s i o c h e m i c a l p r o c e s s e s in which the 
so lu te t a k e s p a r t . The ve loc i ty funct ions a r e d e ­
pendent upon the g e o m e t r i c a l co n f i g u ra t i o n of the 
s y s t e m in which the p r o c e s s e s o c c u r and the 
phys ica l p r o p e r t i e s of the l iquid p h a s e . 

Unfor tuna te ly , t h e r e a r e v e r y few flow 
s y s t e m s in which the ve loc i ty d i s t r i b u t i o n s through 
the m a i n body of the fluid a r e known. C o c h r a n ' 
and von K a r m a n , ' " h o w e v e r , have been ab le to 
solve the N a v i e r - S t o k e s h y d r o d y n a m i c equa t ions 
for the g e o m e t r i c a l con f i g u ra t i o n of a thin d i sc 
ro ta t ing in a l a r g e vo lume of l iquid to y ie ld the 
d e s i r e d ve loc i ty d i s t r i b u t i o n s . 

A qua l i t a t i ve p i c t u r e of fluid flow in a r o ­
tat ing d i sc s y s t e m is shown in F i g . 1. F a r f rom 
the d i s c , the fluid m o v e s t o w a r d the d i s c , and in 
the thin l a y e r i m m e d i a t e l y ad jacen t to the d i sc 
s u r f a c e , the fluid a c q u i r e s a r o t a t i n g m o t i o n . The 
angu la r ve loc i ty of the fluid i n c r e a s e s a s the s u r ­
face of the d i s c i s a p p r o a c h e d , unt i l the a n g u l a r 
ve loc i ty of the r o t a t i n g d i sc is a t t a ined . The fluid 
a l so a c q u i r e s a r a d i a l veloci ty unde r the in f luence 
of the c e n t r i f u g a l f o r c e . 

Fig. 1. Schematic Representation 
of Flow Lines near the 
Surface of a Rotating Disc 
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C o c h r a n ' s ' so lu t ion to the N a v i e r - S t o k e s and cont inu i ty equa t ions in 
c y l i n d r i c a l c o o r d i n a t e s h a s the following f o r m : 

V r = ra:>F(?). V0 = ra iG(e) , Vy = (vcD)'^^H(e). 

The i n d e p e n d e n t v a r i a b l e . 4> i s def ined a s 

e = {yv)'^'Y. (̂ ) 

w h e r e CD i s the a n g u l a r ve loc i ty of the d i s c in r a d / s e c , r i s the r a d i u s of 
the d i s c in c m . y is the ax ia l d i s t a n c e f rom the d i s c in c m , and V i s the 
k i n e m a t i c v i s c o s i t y of the l iquid in c m V s e c . The funct ions F{i), G{i), 
and H ( | ) t a k e n f rom C o c h r a n ' s p a p e r a r e shown in F i g . 2. 

Fig. 2 

Graph of the FuncUons F(f), G(f), 
and -H(?) (from Cochran )̂ 

0 5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

The a n a l y t i c a l e x p r e s s i o n s that r e p r e s e n t the funct ions in F i g . 2 
a r e given below for bo th l a r g e [Equa t ions (8) to (10)] and s m a l l [Equa ­
t i ons (11) to (13)] v a l u e s of the d i s t a n c e c o o r d i n a t e , ?. 

F o r l a r g e va lue s of &,, 

-ai A^ + B ' - z a ? A(A^ + B^) - 3 a ? 
F ( ? ) = A e ' - - ^ ^ ^ ' 4a^ 

-ai B(A^ + B^) - 3 a ? (9) 

and 

2A -ai 
H(e) = - « + - T ^ 

A ' + B^ 

2a^ 

- 2 a ? 
+ ... (10) 
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For small values of ?, 

F{i) - ai-\eyy^-' ^'^^ 

G(?) = 1 + b? + i - a ? ' + ..., (12) 

and 

H(e) = -ae^ + i c ^ + i b ? ^ + „̂ b̂ e= + .... (is) 

The values of the constants in Equations (8) to (13) were obtained from 
Cochran' and Sparrow and Gregg" and are as follows: 

A = 0.934, B = 1.208, a = 0.88447, a = 0.51023. 

and b = -0.616. 

The velocity component, Vy. in the direction perpendicular to the 
surface of the disc is of particular interest and is evaluated by using the 
appropriate constants for both large and small values of ?. 

For large values of ?, y -* 

'y 
V = -a(va3)'^^ = -0.88447(va))'/^. (14) 

For small values of i', y« (v / tD) ' ' ^ , 

Vy = -aeivm)'^' + i. |3(^^)i/2 ^ 1 b?4(vto)i/2, 

3 'A 2 
Vy = - 0 . 5 1 0 ( ^ ) y2 + 0 . 3 3 3 ( ^ ) y ^ - 0.103toV2v-5/2y4. (15) 

Only the first term in Equation (10) was used to obtain Vy in Equation (14) 
for large values of ?. 

A definition of the hydrodynamic boundary layer can also be obtained 
from Equation (7) and the curves shown in Fig. 2. The hydrodynamic bound­
ary layer is the thickness of the region across which the principal change in 
velocity occurs. Since the curves in Fig. 2 are continuous functions of d is ­
tance, the definition of the boundary-layer thickness is somewhat a rb i t ra ry . 
Figure 2 indicates that the principal change in the velocity components 
occurs when ? increases from 0 to a value around 3.5. If one chooses a ? 
value of 3.6, the velocity component Vy, curve H(?), has reached 80% of its 
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l i m i t i n g v a l u e . The t a n g e n t i a l c o m p o n e n t V0, c u r v e G(?) , i s 6% of the va lue 
a t the s u r f a c e of the d i s c , o r h a s u n d e r g o n e a 94% c h a n g e . F o r y a l u e s of i 
g r e a t e r than 3.6, the v a l u e s of the ve loc i ty c o m p o n e n t s change g r a d u a l l y . 
T h u s , if a va lue of 3.6 i s u s e d for i in Equa t ion (7). the h y d r o d y n a m i c 
b o u n d a r y l a y e r b e c o m e s 

yh = 6h = 3 . 6 ( V / C D ) ' / ^ (16) 

T h e b o u n d a r y and i n i t i a l cond i t i ons for a th in d i s c u n d e r g o i n g d i s ­
so lu t i on in a l a r g e v o l u m e of l iquid a r e a s fo l lows: 

C(y , t ) = C g a s y -» CO, 

C(y. t ) = C^^t , a t y = 0, 

(17) 

(18) 

and 

^ (y.t) = 0 for t = 0. (19) 

C s a t . ^ " d C g a r e the e q u i l i b r i u m so lub i l i ty and in i t i a l so lu t e c o n c e n t r a t i o n , 
r e s p e c t i v e l y , for the ind iv idua l so lu te s p e c i e s in the l iquid . 

T h e b o u n d a r y cond i t ions se t fo r th in E q u a t i o n s (17) and (18) a r e 
t h o s e of a u n i d i m e n s i o n a l t r a n s p o r t p r o b l e m . Axia l s y m m e t r y i s a s s u m e d . 
S C / S 0 = 0. and the so lu t e c o n c e n t r a t i o n is t a k e n to be i n d e p e n d e n t of r a d i a l 
p o s i t i o n ; i . e . , S c / S r = 0. T h e s e a s s u m p t i o n s , p lus the in i t i a l cond i t ion in 
E q u a t i o n (19). r e d u c e the c o n v e c t i v e diffusion equa t ion to the fol lowing f o r m : 

'y by 
S'c (20) 

E q u a t i o n (20) c a n be i n t e g r a t e d t w i c e , and the c o n s t a n t s of i n t e g r a ­
t ion c a n be e v a l u a t e d f r o m the b o u n d a r y c o n d i t i o n s . The f i r s t i n t e g r a t i o n 
of E q u a t i o n (20) g i v e s 

dC 
dy exp Vy(z) dZ 

I n t e g r a t i n g aga in , we ob ta in 

C = ai j exp ^ j Vy(z) dz dt + a j . 

(21) 

(22) 

By apply ing the b o u n d a r y cond i t ion in E q u a t i o n (18). C - Cgat . a t y - 0. the 

c o n s t a n t a^ b e c o m e s Cg^t . -
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The cons tan t a; can be d e t e r m i n e d f rom the b o u n d a r y cond i t ion in 
Equat ion (17), C = C g a s y -• oo. Equa t ion (22) c a n be w r i t t e n a s 

C B - Csa t . = ^1 ^^P if 
J 0 

Vy(z) dz dt . (23) 

The i n t e g r a l can be eva lua ted by the following p r o c e d u r e . The i n t e g r a l i s 
f i r s t divided into two r e g i o n s ; f rom y = 0 to y = 6j^, and f rom y = 6j^ to y = 
The va lues for the functions Vy(z) for the two r e g i o n s , def ined by E q u a ­
t ions (15) and (14). r e s p e c t i v e l y , have been s u b s t i t u t e d into the r e s p e c t i v e 
i n t e g r a l s . The r e s u l t is 

+ ai / exp ^ I -0.89(l^aj)'/^ dz dt. 

By in teg ra t ing Equat ion (24) with r e s p e c t to z, we ob ta in 

dz > dt 

(24) 

at. = a , j e x p | ^ - ^ - ( - ^ j t ' + _ _ _ ( ^ _ j (4 _ 0 020^,^5/2 ^-3/Zj5 

+ a, / e x p | - - j ^ (vtlif'H (25) 

The two i n t e g r a l s in Equat ion (25) a r e eva lua ted s e p a r a t e l y . The f i r s t i n t e ­
g r a l can be s impl i f ied by making the following s u b s t i t u t i o n s . 

When X^ = (0 .17/D)(a)y^ . ) ' /H^ then t = (1.805co-'/2 I ^ ' / ' D ' / = ' ) X. and the 
f i r s t i n t e g r a l can be r e w r i t t e n as 

1.805aia:,- '/^v'/^D'/3 
-^h 

exp 1 V 1 
-X^ + 0.885(4^ ) ' "x^ - 0. 3 9 4 ( 5 . ) ' ^ ' x 5 dX. 

The new l imi t of i n t eg ra t ion , X^, is eva lua ted as 

1.805a)- '^^v'/^D' ' '3 ' 

whe re 

th = 6h = 3 . 6 ( ^ ) ' 
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\ l / 3 
Xh = l - 9 9 4 4 ( ^ ) , 

The s e c o n d i n t e g r a l in Equa t ion (25) can be i n t e g r a t e d d i r e c t l y to give 

a ,D 

0.89(va) 1/2 exp 
0.89(vtD)'/^ 

6h 

and when the va lue of 6^ i s i n s e r t e d for the l o w e r l i m i t , we get 

+ [—TT: e>^P -3 .11 
0 . 8 9 ( V C D ) ' / ^ 

E q u a t i o n (25) c a n now be r e w r i t t e n as 

+ 1.124a,(vcD)"'/^D exp 

' + 0.885(-^) X''-0.394(—j X dX 

(26) 

and the c o n s t a n t a; b e c o m e s 

C B - Cgat . 

1 .805cu- ' ^^v ' / 'D ' /5 l (^ ) + 1.124D(vco)-'^^ exp - 3 . 1 1 ( 3 ) 

w h e r e the i n t e g r a l in Equa t ion (26) i s r e p r e s e n t e d by I ( D / V ) -

N u m e r i c a l v a l u e s for the i n t e g r a l in Equa t ion (26) have b e e n ob ta ined 
for a s e r i e s of v a l u e s for D/V b e tween 0.001 and 0.25 by the u s e of d i g i t a l -
c o m p u t e r m e t h o d s . G r e g o r y and Riddi ford '^ have c o m p u t e d I ( D / ^ ) g r a p h i ­
ca l l y by u s i n g the X^ and X" t e r m s for s e v e r a l va lue s of D/v in the r a n g e 
0 to 0 004. T h i s r a n g e i s a p p l i c a b l e to aqueous so lu t ions n e a r a m b i e n t t e m ­
p e r a t u r e s . S ince D/V v a l u e s as l a r g e as 0.25 c m can be e n c o u n t e r e d in 
i i q u i d - m e t a l s y s t e m s a t h igh t e m p e r a t u r e s , the i n t e g r a l was e v a l u a t e d over 
the e n t i r e r a n g e by us ing t h r e e t e r m s . The - s u i t s a r e shown in Tab le L 
G r e g o r y and R idd i fo rd h a v e shown tha t when D/V = 10 ^ I ( D / I . ) IS 3% l e s s 
t h a n the va lue a t I,„^ u s e d by L e v i c h . ' Tab le I shows that when D/V = 0.1 
t h a n tne va i (0) ' . , i s 16% l e s s than the va lue ob ta ined 
a va lue a p p l i c a b l e in th i s w o r k . I ( D / V ) ^^ io/o lebt. 
wi th the a p p r o x i m a t i o n D/V ~ 0. 



16 

TABLE I. Values of the Integral I ( D / V ) ^°^ ^ Range of 
Schmidt Numbers between 4 and 1000 

( S c h m i d t N o . ) " ' , 

D/V 

0 
0 . 0 0 1 

0 . 0 0 2 

0 . 0 0 3 

0 . 0 0 4 
0 . 0 0 5 

0 . 0 0 6 
0 . 0 0 7 

0 . 0 0 8 

0 . 0 0 9 

0 . 0 1 0 
0 . 0 2 0 

0 . 0 3 0 
0 . 0 4 0 

0 . 0 5 0 
0 . 0 6 0 

0 . 0 7 0 
0 . 0 8 0 

0 . 0 9 0 
0 . 1 0 0 

0 . 1 1 0 
0 . 1 2 0 

0 . 1 3 0 

0 . 1 4 0 

0 , 1 5 0 

0 . 1 6 0 

0 , 1 8 0 
0 . 2 0 0 

0 , 2 5 0 

I n t e g r a t i o n L 

1 . 9 9 4 4 ( V / D ; 

OO 

1 9 . 9 4 4 

1 5 . 8 3 0 

1 3 . 8 2 8 

1 2 . 5 6 4 
1 1 . 6 6 3 

1 0 . 9 7 6 
1 0 . 4 2 6 

9 . 9 7 2 

9 . 5 8 8 

9 . 2 5 7 
7 , 3 4 7 

6 . 4 1 9 
5 . 8 3 2 

5 , 4 1 4 

5 . 0 9 4 

4 . 8 3 9 
4 . 6 2 9 

4 . 4 5 0 
4 . 2 9 7 

4 . 1 6 2 

4 . 0 4 3 

3 . 9 3 7 
3 . 8 4 1 

3 . 7 5 4 
3 . 6 7 4 

3 , 5 3 2 

3 . 4 1 0 

3 . 1 6 6 

i m i t , 

y 
Value of the I n t e g r a l , 

HD/V) 

0 . 8 9 3 4 

0 . 9 2 0 9 

0 . 9 2 8 6 
0 . 9 3 4 1 

0 . 9 3 8 5 

0 . 9 4 2 4 

0 . 9 4 5 7 

0 . 9 4 8 7 

0 . 9 5 1 5 

0 . 9 5 4 1 

0 . 9 5 6 4 

0 . 9 7 4 7 

0 . 9 8 7 7 
0 . 9 9 8 1 

1 . 0 0 6 8 

1 . 0 1 4 3 

1 . 0 2 0 9 
1 . 0 2 6 8 

1 0 3 2 1 

1 . 0 3 6 8 

1 , 0 4 1 2 

1 . 0 4 5 1 

1 . 0 4 8 8 

1 . 0 5 2 1 

1 , 0 5 5 2 

1 . 0 5 8 0 

1 . 0 6 3 1 
1 . 0 6 7 5 

1 . 0 7 6 2 
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The value of the constant a; can now be substituted into Equa­
tion (22) to give the concentration distribution of solute near the surface 
of the disc, as follows: 

•'sat. 
/ '̂'P DJ 

-' 0 " 'o 

Vy(z) dz dt 

C g - C sat. 1.805to-'/V/<'D'^3l(D/;,) + 1.124D(vcD)-'^^ exp [-3.11 (^)J 
(27) 

To obtain the mass flux of mater ia l away from the surface of the disc. 
Equation (27) is f irst differentiated with respect to y and evaluated at 
y = 0. The value of Vy(z) for the region y = 0 to y = 6h is substituted into 
the equation before the integral is evaluated. The resul t is 

^ ^ (CB-Csa t . ) exp 

S7 " ~ 

,3^1/2 
Ul(!^y\^ + 0 ^ ^ o ^ ^ y 4 .o .o206a .^ /^v - 'V] 

L -^ ' ^̂  ' ^ - ^ -_ 

1.805a3-'/^v'/''D'/^I(D/v) + 1 • 124D(vm)-'/2 exp[-3.1 l ( ^ ) j 

(28) 

^sat. SCN . - - . 

^yJy=° " 1.805a3-'/^v'/*'D'/^I(D/^) + 1.124D(vcD)-'^^exp[-3.1l(^)] 

The above result , when substituted into Fick 's F i r s t Law, 

SC^ 
J - = - D § ^ 

y=o 

gives the mass flux of mater ia l away from the disc: 

D(Csat. - C B ) 

1.805 W- ' /2 I . ' /* 'D ' /^ I (D/V) + 1.124D(VCD)-'/^ exp [-3.11(-^)] 
(29) 

The convective diffusion boundary layer 6D is defined by the denominator 

of Equation (29), 

6D = 1.805to-'/^v'/^D'/^I(D/v) + l -124D(vcD)- ' / 'exp[-3.1l(^)] . (30) 

The equations developed above for the mass t ransport of a solute 
away from a rotating-disc sample apply only to laminar flow. The region 
of laminar flow for a polished and dynamically balanced disc extends to 
Reynolds numbers of the order of 10^, where the Reynolds number is de­
fined as 



Re = (31) 

The lower limit of the Reynolds number is determined by the relat ive 
magnitudes of the hydrodynamic boundary layer and the radius of the disc. 
At low rotational speeds, the hydrodynamic boundary layer approaches the 
radius of the disc in size; however, a rotational speed that produces a 
hydrodynamic boundary layer of about one-tenth the radius of the disc is 
more commonly used as a lower limit. 

Values for the hydrodynamic and convective-diffusion boundary 
layers as a function of rotational speed of a 5.08-cm-diam disc in the 
bismuth-tin eutectic liquid at 860°C are shown in Table II. A credible 
solute diffusivity of 1 x 10"* c m y s e c was used, along with a kinematic 
viscosity value of 10.25 x lO-** c m y s e c extrapolated from Sauerwald and 
Toppler's '^ data in Table III, to obtain the values for the convective-
diffusion boundary layer. For the above values of D and v, D/V is 0.10, 
and I (D/V) from Table I is 1.0368. Table II also gives the range of ro ta­
tional speeds (2 to 150 rpm) applicable to the rotating disc-bismuth-t in 
system at 860°C. 

TABLE II. Yalues for the Hydrodynamic and Convective-diffusion 
Boundary Layers Produced by a 5,08-cm-diam Disc Rotating In 

Bismuth-Tin Eutectic Alloy at 860''C 

Speed, 
r p m 

151.6 
150.0 
100.0 

50.0 
30.0 
10.0 

5.0 

2 . 0 

tD, 
r a d / s e c 

15.89 
15.70 
10.48 

5.29 
3.17 
1.048 
0.529 
0.2095 

02^'' 

3.99 
3.96 
3.24 
2,30 
1.78 
1.025 
0.727 
0.458 

v/oj 

0.646 X 
0.653 X 
0.979 X 
1.940 X 
3.235 X 
9.790 X 

19.40 X 
49.00 X 

0 " ^ 

0 - * 

0 - * 

O"* 

O"'* 
0 " * 

O"* 

0 - * 

6h. c m 

2.89 X 10"^ 
2.91 X lO"'' 
3.56 X 10"^ 
5.01 X 10"^ 
6.48 X 10 '^ 

11.25 X 10-2 
15.85 X 10"^ 
25.20 X 10-2 

6 D . 

0.694 
0.700 
0.854 
1.203 
1.555 
2.699 
3.807 
6.048 

c m * 

X 10-2 
X 10-2 
X 10-2 
X 10-2 
X 10-2 
X 10-2 
X 10-2 
X 10-2 

Reyno lds 
N o . 

1.00 X 10= 
9.88 X 10" 
6.59 X 10" 
3.33 X 10" 
2.00 X lO" 
6.59 X 10 ' 
3.33 X 10 ' 
1.32 X 10 ' 

*A solute diffusivity of 1.0 x 1 0 •* cnl^/sec was used in the calculation of the convective-
diffusion boundary layer. 

TABLE III. Viscosity Data for the Bismuth-Tin Eutectic Alloy^^ 

Temp, 
° C 

7 5 1 

7 5 0 

6 0 6 

5 9 9 

4 4 5 

44 5 
3 0 5 

V 

Viscos i ty , 
rj, poise 

0.00886 
0 

0 

0 

0 

0 

0 

00898 
01014 
01029 
01257 
01267 
01690 

5.30 X l o - l e x p f ^ ) . 1^860 

Dens i ty 
g / c m ' 

8.100 
8.100 
8.245 
8.245 
8.385 
8.385 
8.520 

-c = ^0 25 X 10 

V i s c o s i t y , 
V, c m 2 / s e c 

10.95 X 10-" 
11.09 X 10-" 
12.30 X 10-" 
12.47 X 10-* 
15.00 X 10-" 
15.1 1 X 10-* 
19.85 X 10-" 

" c m 2 / s e c 
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EXPERIMENTAL METHOD 

The Bi-42w/oSn eutectic alloy used in each run was prepared from 
99.995% pure bismuth and tin by fusing desired weights of the two com­
ponents in a 7.0-cm-ID Pyrex crucible. The system in which the melt was 
made was evacuated to a p ressu re of 1 x 10"' Torr and backfilled with 
purified argon several t imes before melting the charge. The eutectic 
liquid was held at 300°C under a dynamic vacuum of 1 x 10"^ Torr for about 
10 hr pr ior to solidification. The resulting ingot was reweighed and then 
placed in a slightly la rger -d iameter Vycor crucible used in the dissolution 
runs . 

Type 304 s ta inless-s teel discs 5.08 cm in diameter were machined 
from 0.317-cm-thick plate. Chemical-analysis information for the 304 SS 
mater ia l is given in Appendix A. After the discs were drilled and tapped to 
accept the threaded support rod. the discs were abraded through Grade 600A 

metallographic paper. The final polishing 
was done on Linde B abrasive. A polished 
disc was threaded into a support rod. and 
the region around the threads was fused with 
a Heliarc welder. The disc and supporting 
shafts were dynamically balanced in a lathe 
and then tested in the apparatus to insure 
that the disc ran t rue. 

A-Heat Shield 
B—Sample Tube 
C—Rotary Push-pull Seal 
D—Thermocouple 
E-Ball Valves 
F—Vacuum Seal IWilson) 
G—Vycor Crucible 
H—Flve-element Furnace 
l—O-rlng Flange 
J-Fire Brick 
K-Water-cooling Coils 
l~Disc 

ARGON FLOSH 

VACUUM 
8 

FLUSH 

Fig. 3. Schematic Diagram of the 
Dissolution Apparatus 

The a p p a r a t u s in which the d i s s o l u ­
t ion r u n s w e r e m a d e i s shown s c h e m a t i c a l l y 
in F i g . 3. While the s y s t e m w a s hea t ing to 
the d e s i r e d t e m p e r a t u r e , the d i s c w a s p o ­
s i t ioned 5 c m above the l iquid ba th . A 
d i s s o l u t i o n r u n w a s s t a r t e d by l ower ing the 
d i s c in to the ba th by m e a n s of a r o t a r y , 
p u s h - p u l l , v a c u u m s e a l . The r o t a t i o n a l 
s p e e d of the d i s c w a s set and m a i n t a i n e d a t 
a cons t an t speed by an e l e c t r o n i c a l l y con­
t r o l l e d m o t o r . The r o t a t i o n a l speed w a s 
c o n t r o l l e d to ±1% of the set v a l u e , and the 
t e m p e r a t u r e of the ba th w a s he ld to ±1 C. 
V e r t i c a l t e m p e r a t u r e p r o f i l e s wi th in the 
l iquid ba th i n d i c a t e d a 5°C v a r i a t i o n ove r 
the l eng th , the m a j o r i t y of wh ich o c c u r r e d 
n e a r the l i q u i d - g a s i n t e r f a c e . A s l ight 
p o s i t i v e p r e s s u r e of pu r i f i ed a r g o n w a s 
m a i n t a i n e d in the s y s t e m dur ing a d i s ­
so lu t ion r u n to s u p p r e s s the l o s s of l iqu id 
m e t a l f r o m the c r u c i b l e by v a p o r i z a t i o n 
and c o n d e n s a t i o n in c o l d e r p a r t s of the 
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s y s t e m . L i q u i d - m e t a l s a m p l e s weighing f r o m 4 to 5 g w e r e ob ta ined f r o m 
the bath at d e s i r e d t i m e i n t e r v a l s dur ing the run by us ing V y c o r s a m p l i n g 
t u b e s . 

The s a m p l e s w e r e ana lyzed s p e c t r o g r a p h i c a l l y for i r o n , c h r o m i u m , 
n i cke l , and m a n g a n e s e by the following me thod . The b i s m u t h - t i n s a m p l e s 
w e r e d r i l l ed at s e v e r a l poin ts along the length of the s a m p l e to m i n i m i z e 
any effects of s e g r e g a t i o n dur ing so l id i f i ca t ion . A r e p r e s e n t a t i v e p o r t i o n of 
the d r i l l i ngs ( -50 to 100 mg) w e r e d i g e s t e d in 90:10 HCI-HNO3 ac id so lu t ion . 
Al iquots of the solution w e r e quan t i t a t ive ly p ipe t t ed onto the s u r f a c e of 
s p e c t r o g r a p h i c e l e c t r o d e s . S i lve r e l e c t r o d e s w e r e u s e d in obta in ing the 
a n a l y s i s r e s u l t s for i r o n , c h r o m i u m , and n i c k e l . Coppe r e l e c t r o d e s w e r e 
used in the m a n g a n e s e a n a l y s e s to ach ieve a lower m a n g a n e s e b a c k g r o u n d . 

The s a m p l e s w e r e exc i ted us ing an a . c . a r c m e t h o d . The l ine i n t e n ­
s i t i e s w e r e d e t e r m i n e d with a d e n s i t o m e t e r and then c o m p a r e d wi th i n t e n ­
s i t i e s obtained f rom b i s m i t h - t i n s t a n d a r d so lu t ions p r e p a r e d wi th known 
amounts of the four e l e m e n t s . Dupl ica te a n a l y s e s w e r e p e r f o r m e d on the 
major i ty of the b i s m u t h - t i n s a m p l e s submi t t ed ; the a v e r a g e v a l u e s a r e r e ­
por t ed in Appendix B. The lower l i m i t s for the c o n c e n t r a t i o n s of i r o n , 
c h r o m i u m , and nickel w e r e rou t ine ly 0.005 w / o , and the lower l i m i t for 
m a n g a n e s e was 0.0005 w / o . The r e p r o d u c i b i l i t y of the v a l u e s was found to 
be be t t e r than ±10% of the amount p r e s e n t . S e v e r a l s a m p l e s with r e l a t i v e l y 
high concen t r a t i ons of the four e l e m e n t s w e r e submi t t ed for wet c h e m i c a l 
a n a l y s i s , and the r e s u l t s a g r e e d within ±3% of the v a l u e s ob ta ined by m e a n s 
of the s p e c t r o g r a p h i c method. 

RESULTS 

C o n c e n t r a t i o n - v e r s u s - t i m e p lo ts w e r e m a d e for each componen t 
undergoing d isso lu t ion f rom the 304 SS s a m p l e s . The d i s s o l u t i o n c u r v e s for 
c h r o m i u m , nickel , and m a n g a n e s e obta ined at 650°C i n d i c a t e d tha t s a t u r a t i o n 
of the liquid bath with r e s p e c t to t h e s e t h r e e c o m p o n e n t s was not a t t a ined 
during the f i r s t 100 h r . Since it was not p r a c t i c a l to cont inue the d i s so lu t ion 
runs for t i m e s much longer than 100 h r , a n o t h e r a p p a r a t u s was u s e d to equi l ­
ib ra t e 304 SS with the eu tec t i c a l loy for t i m e s up to 500 h r . The l i q u i d - m e t a l 
bath was sampled at s e v e r a l t i m e i n t e r v a l s be tween 100 and 500 h r at 450, 
650, and 860°C, An equ i l ib ra t ion pe r iod of 190 h r was u s e d at 985°C. The 
c h e m i c a l - a n a l y s i s r e s u l t s for the s a m p l e s obta ined f r o m the e q u i l i b r i u m 
solubi l i ty run a r e t abu la ted in Appendix C. The so lub i l i ty da ta for each of the 
four components ( i ron, c h r o m i u m , n icke l , and m a n g a n e s e ) , in the p r e s e n c e of 
the other t h r e e , a r e plot ted as a function of r e c i p r o c a l t e m p e r a t u r e fn F i g s . 4 
to 7, r e spec t ive ly . L e a s t - s q u a r e s equa t ions for the c o n c e n t r a t i o n s as a func­
t ion of t e m p e r a t u r e , and the o v e r a l l h e a t s of so lu t ion of each of the c o m p o ­
nents , a r e shown on the plots with 95% conf idence l i m i t s . T h r e e so lub i l i ty 
values l i s ted in Appendix C for m a n g a n e s e at 450°C w e r e inc luded in the c a l ­
culat ions of the l e a s t - s q u a r e s l ine in F i g , 7. The t e m p e r a t u r e dependence of 
the solubi l i ty of 304 SS in the B i - 4 2 w / o S n al loy in F ig . 8 was obta ined by 
summing the r e s u l t s shown in F i g s . 4 to 7. 
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Fig. 4. Temperature Dependence of 
the Solubility of Iron from 
304 SS in the Bismuth-Tin 
Eutectic Alloy 
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Fig. 5. Temperature Dependence of 
the Solubility of Chromium 
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Tin Eutectic Alloy 
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Fig. 6. Temperature Dependence of 
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304 SS in the Bismuth-Tin 
Eutectic Alloy 
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The inves t iga t ion of the effect of the r o t a t i o n a l speed of the d i s c 
was c a r r i e d out at 860°C, a t e m p e r a t u r e at which the c o n c e n t r a t i o n s of 
all of the e l e m e n t s could be d e t e r m i n e d at t i m e s g r e a t e r than 0.5 h r . At 
th is t e m p e r a t u r e , d i s so lu t ion runs w e r e m a d e at 2, 10, 30, 50, 100, and 
150 r p m for t i m e s up to 150 h r . 

Table II l i s t s va lues for the h y d r o d y n a m i c and convec t ive -d i f fus ion 
boundary l a y e r s for each ro t a t i ona l speed . At 860°C, a r o t a t i o n a l speed of 
150 r p m for a 5 . 0 8 - c m - d i a m d i sc in the b i s m u t h - t i n e u t e c t i c a l loy c o r r e ­
sponds to a Reynolds n u m b e r of 1 x 10 . At 2.0 r p m , the h y d r o d y n a m i c 
b o u n d a r y - l a y e r t h i cknes s i s 0.252 c m , which is about o n e - t e n t h the r a d i u s 
of the d i sc . The r ange of 2.0 to 150 r p m def ines the r eg i o n of l a m i n a r 
flow in the vicinity of the d isc s a m p l e . 

The m a x i m u m flux of the componen t s p a s s i n g into so lu t ion dur ing 
a d isso lu t ion run was d e t e r m i n e d f r o m the in i t i a l s lope of the plot of con­
cen t ra t ion v e r s u s t i m e , the m a s s of the l iquid ba th , and the a r e a of the 
d isc s a m p l e . The m a x i m u m flux of i r o n into the ba th in uni t s of g F e / 
cm - s e c was d e t e r m i n e d f rom the r e l a t i o n . 

F e 

c m - sec 

ACpg (w/o) 

At (hr) 

Bath wt (g) 

Disc a r e a (cm^) 3.6 x 10 
32 

A l e a s t - s q u a r e s a n a l y s i s was appl ied to the d i s so lu t ion da ta for 
i ron tabula ted in Appendix B to obta in v a l u e s of (ACpg w / o ) / ( A t h r ) for 
ten of the d i s so lu t ion r u n s . The r e s u l t s a r e given in Tab le IV, along with 
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the values for the maximum flux of iron from 304 SS into the eutectic liquid. 
In Fig. 9, the values for the flux of iron at 860°C are plotted as a function of 
the square root of the angular velocity of the disc. Curves similar to the 
one in Fig. 9 can also be obtained for chromium, nickel, and manganese. 
Since i ron was the largest contributor to the total mass flux in the dissolu­
tion exper iments , the data can best be summarized by Fig. 9 and the total 
mass flux for the components from 304 SS shown in Fig. 10. 

TABLE IV. Slopes of the Initial Portion of the Concentration-vs-Time 
Curves for Iron and the Maximum Flux of Iron. J-^{Fe), from 304 SS 

into the Bismuth-Tin Eutectic Alloy with 60% Confidence Limits 

Run 
No. 

8 
6 

& 11 
13 
2 

10 

7 
17 
16 

Speed, 
rpm 

Temp, 

2.0 
10.0 
30 
50 

100 
150 

10 
10 
10 

C Initial Slope, w/o Fe /h r Jm(Fe), g Fe /cm^-sec 

860 
860 
860 
860 
860 
860 

750 
1050 
1100 

91 + 0.038) X 10-^ 
38 ± 0.180) X 10"^ 

(0 . 
(2 . 
(3 .32 ± 0.868) 
(3 
(3 
(3 

(1 
(3 
(2 

.56 

.62 

.78 

0.433) 
0.602) 
0.330) 

X 10-
X 10" 
X 10-
X 10-

.11 

.36 
i . l 2 

0.281) 
0.232) 
0.046) 

X 10 ' 

x 1 0 - ' 
X 1 0 ' ' 

(2.50 ± 0.10) X 10"'' 
(6.53 ± 0.40) X 1 0 " ' 
(9.15 ± 2.40) X 1 0 - ' 
(9.92 ± 1.19) X 1 0 - ' 
(9.98 ± 1.66) X 1 0 - ' 

(10.40 ± 0.91) X 1 0 - ' 

(3.05 ± 0.77) X 1 0 - ' 
(5.56 ± 0.38) X 10-= 
(3.50 ± 0.08) X 10- = 

Fig. 9. The Effect of Rotational Speed 
of the Disc on the Maximum 
Dissolution Flux of Iron from 
304 SS at 860°C 

Fig. 10. The Effect of Rotational Speed 
of the Disc on the Maximum 
Dissolution Flux of 304 SS at 
860OC 



Disso lu t ion runs w e r e m a d e at 750, 860, 1050, and 1100°C at a 
ro t a t i ona l speed of 10.0 r p m to i n v e s t i g a t e the t e m p e r a t u r e d e p e n d e n c e of 
the d i s so lu t ion p r o c e s s . T e m p e r a t u r e s above 860°C w e r e i n v e s t i g a t e d b e ­
c a u s e the concen t r a t i on of the e l e m e n t s in the l iquid w e r e be low the l i m i t s 
of de tec tab i l i ty dur ing the in i t i a l p o r t i o n of the d i s s o l u t i o n run at t e m p e r a ­
t u r e s below 750°C. The m a x i m u m flux of i r o n for the r u n s at 10.0 r p m 
a l so appea r in Table IV, and the va lue s p lo t ted v e r s u s r e c i p r o c a l t e m p e r a ­
t u r e a r e shown in F ig . 11. The ac t i va t ion e n e r g y of J m ( F e ) i s 19,400 c a l / 
mole for the t e m p e r a t u r e r a n g e of 750 to 1100°C. The a c t i v a t i o n e n e r g y of 
Jm(304 SS) d e t e r m i n e d f r o m F i g . 12 is 18,800 c a l / m o l e . 

J I I i I I L 
0 6 07 0.8 0 9 10 I.l 12 13 14 

1000/T, °K-I 

100 1050 860 750 650 550 450 

8,800 cal/mole 

0 6 0 7 0,8 0 9 1,0 I I 12 
lOOO/T. °K-I 

Fig. 11. The Temperature Dependence 
of the Maximum Dissolution 
Flux of Iron at 10.0 rpm 

Fig. 12. The Temperature Dependence 
of the Maximum Dissolution 
Flux of 304 SS at 10.0 rpm 

DISCUSSION 

The e x p e r i m e n t a l data obta ined in th i s study can be ana lyzed in 
t e r m s of Equat ion (29) to gain ins igh t into the m e c h a n i s m of the d i s s o l u t i o n 
p r o c e s s . The m a s s flux in Equat ion (29) can be w r i t t e n in the following 
form: 

0 . 5 5 4 I,}/ ,v' 
{D/V) O'^'o,'/^C 

sa t . C R ) , (33) 

since the second t e r m in the e x p r e s s i o n defining the convec t ive -d i f fu s ion 
boundary l ayer is s m a l l , in c o m p a r i s o n with the f i r s t . Equa t ion (33) i n ­
d ica te s that flux wil l v a r y with the h a l f - p o w e r of the a n g u l a r ve loc i ty of 
the d isc for a l i q u i d - d i f f u s i o n - c o n t r o l l e d p r o c e s s . Within the l i m i t s of the 
e x p e r i m e n t a l e r r o r s , the da ta in F i g s . 9 and 10 a g r e e wi th the ve loc i t y 
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dependence predicted by the model for rotational speeds between 2 and 
30 rpm. Above 50 rpm at 860°C, the maximum flux is no longer limited by 
diffusional p rocesses in the liquid phase but is now dependent upon the 
mass - t r ans fe r rate at the solid-liquid interface. 

The temperature dependence of J m can be obtained by substituting 
the appropriate expressions for the temperature dependence of D, V, and 
Cga t̂ into Equation (33). When the relations 

D = Do exp(-QD/RT). V = VQ exp(+Q^,/RT), and Cg^t. = ^o exp(-AHgoin/RT) 

are inserted into Equation (33) with C B = 0 (i.e., the solute concentration 
of the bath was zero at the s tar t of the dissolution runs), the result is 

4 Q D + Qy + 6AHs„i„ 

H D / V ) ^ " ^ " " " " ^ o " ' ' ^'''^\ 6RT 
= 0.554 l 7 A / , D r - V o - ' / ' C o a . ' / - e x p f - ^ " " ^"^^^ ^ ) - (34) 

The tempera ture dependence of the flux, Q j ^ , is related to the overall heat 
of solution of the solute in the liquid (AH^^^J, the activation energies for 
the kinematic viscosity (Q,,), and the solute diffusivity {Qj^) by the relation 

Q j ^ =i{4QD + Qv + 6AH3oiJ. (35) 

All the quantities in Equation (35) are known with the exception of the 
values of Q D for the four components (Fe, Cr, Ni, and Mn) in the bismuth-tin 
eutectic alloy. A value of Q D can be determined for the diffusivity of iron 
and for the "average" diffusivity of the four components by using the values 
of Q"^^ and Q 3 0 4 S S ^^^^ ^.^^ j j ^^^ j2 and the heats of solution for iron 

J m J m / 
and 304 SS from Figs. 4 and 8. A value of Q^ of 1.500 cal /mole was ob­
tained from the data in Table III. The activation energy for the diffusivity 
of iron in the bismuth-tin eutectic obtained from Equation (35) is 5,810 ca l / 
mole and the average value for the four components in 304 SS is 1.490 ca l / 
mole' Measured activation energies for self and chemical diffusion m 
liquid-metal systems have been found to range between 1,000 and 9,700 ca l / 
mole ' * - " The fact that the value of Q Q for iron lies within this range is 
evidence for liquid-diffusion control of the dissolution process for the 
rotational speed of 10 rpm and the temperature range above ~700°C. 
Activation energies as high as 6,300 cal/mole have been reported for the 
solution rate constant obtained from the Nernst-Brunner equation for the 
copper-bismuth^ and zinc-bismuth= systems. Liquid-diffusion-controlled 
dissolution was also postulated in the absence of experimental diffusion data. 

A comparison of the values of J ^ calculated from Equation (33) 
with experimental values obtained under conditions in which liquid-diffusion 
control is operative (i.e., below 30 rpm at 860°C) provides the final test of 



the convec t ive-d i f fus ion m o d e l . When a D va lue for i r o n of 1 x 10 ^ c m / s e c 
is a s s u m e d for 860°C, the va lue of J m ( F e ) at 10.0 r p m b e c o m e s 7.8 x 10" g 
F e / c m ^ - s e c as c o m p a r e d to an e x p e r i m e n t a l va lue of 0.65 x 10'= g F e / 
c m ^ - s e c (Run 6). Using a D value of 1 x 10-* c m Y s e c l e a d s to an o r d e r - o f -
magn i tude d i f fe rence be tween the p r e d i c t e d and o b s e r v e d d i s s o l u t i o n f l uxes . 
F o r a D value of 1 x 10-^ c m ^ / s e c , the c a l c u l a t e d flux of i r o n i s 1.83 x 
10"= c m ^ / s e c , or a fac tor of 2.8 g r e a t e r than the e x p e r i m e n t a l v a l u e . 

Me ta l l og raph i c e x a m i n a t i o n of the d i s c s a m p l e p r o v i d e s a qua l i t a t i ve 
exp lana t ion for the o b s e r v e d r a t e s . F i g u r e s 13b and 13c show the c r o s s 
sec t ion and the su r f ace , r e s p e c t i v e l y , of a d i s c s a m p l e at the c o n c l u s i o n of 
an 860°C d i s so lu t ion run . C o n s i d e r a b l e p e n e t r a t i o n of the e u t e c t i c a l loy into 
the 304 SS h a s o c c u r r e d . F i g u r e 13a shows tha t the p e n e t r a t i o n o c c u r r e d 
un i fo rmly f r o m both s ide s of the d i s c . The depth of p e n e t r a t i o n w a s found 
to be independent of r a d i a l pos i t ion on the d i s c . At t e m p e r a t u r e s of 750°C 
and h i g h e r , the r e c e s s i o n of the sol id i n t e r f a c e w a s s m a l l and the d i s c r e ­
t a ined i t s p l a n a r shape with no m a c r o s c o p i c s u r f a c e r o u g h e n i n g . The ro ta t ing 
d i s c s a m p l e can be c o n s i d e r e d to be a un i fo rmly a c c e s s i b l e s u r f a c e f r o m the 
s tandpoint of c o r r o s i o n p r o c e s s at the h i g h e r t e m p e r a t u r e s . 

H a r r i s o n and Wagner ' have shown tha t r a p i d p e n e t r a t i o n of a sol id 
by a l iquid m e t a l o c c u r s when one connponent in an al loy i s m u c h m o r e 
soluble than the o t h e r . P e n e t r a t i o n of the 304 SS by the b i a m u t h - t i n e u t e c t i c 
alloy i s not s u r p r i s i n g s ince the solubi l i ty of n i cke l in the l iquid (0.828 w / o 
at 860°C) is much g r e a t e r than the so lubi l i ty of e i t h e r i r o n (0.269 w / o at 
860''C) or c h r o m i u m (0.222 w / o at 860°C). A l so , the n i c k e l con ten t of 304 SS 
is l e s s than 10% of the to ta l c o n s t i t u e n t s . 

One r e s u l t of l iquid p e n e t r a t i o n into the d i s c s a m p l e is to d e c r e a s e 
the effective a r e a of sol id in con tac t with the l iquid at the p lane of the so l id -
l iquid i n t e r f a c e . In addi t ion , the m a t e r i a l l eav ing the d i s c f r o m the p e n e ­
t r a t e d r eg ions m u s t diffuse th rough an add i t iona l pa th in the l iquid b e f o r e 
r each ing the diffusion bounda ry l a y e r at the s u r f a c e of the d i s c . Both the 
r educ t ion in su r face a r e a of the sol id at the i n t e r f a c e and the added dif­
fusional length due to l iquid p e n e t r a t i o n wi l l d e c r e a s e the m a s s flux f r o m 
the s a m p l e . 

The su r face a r e a of the d i sc may have been r e d u c e d by a f ac to r of 
two or t h r e e f rom a c o m p a r i s o n of the r e l a t i v e a r e a s of the e u t e c t i c a l loy 
and the 304 SS in F ig . 13c. The added diffusion l eng th t h r o u g h the l iquid 
cannot be e s t i m a t e d s ince the l iquid did not p e n e t r a t e p e r p e n d i c u l a r to the 
su r face of the d i s c . The a c t u a l diffusion p a t h s a r e l o n g e r t h a n t h e i r p r o ­
j ec t ions shown in F i g . 13b. It would be difficult to r e l a t e t h e s e two effects 
quant i ta t ive ly to the o b s e r v e d magn i tude of the d i s s o l u t i o n f luxes . 

At t e m p e r a t u r e s of 650°C and l o w e r , the d i s s o l u t i o n p r o c e s s a p p e a r s 
to be s u r f a c e - r e a c t i o n c o n t r o l l e d . Only r a n d o m a r e a s of the d i s c s a m p l e 
w e r e c o r r o d e d . The m a s s flux of i r o n w a s independen t of ve loc i t y at 650°C 
for ro t a t iona l s p e e d s of 10.0 and 100 r p m . 
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(a) Cross Section of the Disc Sample 
along a Diameter 

41541 

41542 500X 41543 500X 

(b) Cross Section near the Liquid-Solid Interface (c) Disc Surface 

Fig 13. Micrographs of the Cross Section and Surface of a Disc Sample at the Conclusion of a 150-hr 
Dissolution Run at 860°C. The region along the midplane of the disc is the unaffected ma­
terial. The islands in b and c are "304 SS," the matrix is the bismuth-tin eutectic alloy. 
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SUMMARY AND CONCLUSIONS 

The k i n e t i c s of d i s so lu t i on of 304 SS in the B i - 4 2 w / o S n e u t e c t i c 
alloy have been inves t i ga t ed u n d e r spec i f i ed cond i t i ons of t e m p e r a t u r e and 
r o t a t i o n a l speed for a s y s t e m i n c o r p o r a t i n g a r o t a t i n g - d i s c - s a m p l e g e o m e t r y . 
A m a t h e m a t i c a l d e s c r i p t i o n of the h y d r o d y n a m i c cond i t i ons for the r o t a t i n g -
d i sc s y s t e m was u s e d in obtaining a so lu t ion to the c o n v e c t i v e - d i f f u s i o n 
equat ion for m a s s t r a n s p o r t . The e x p e r i m e n t a l da t a w e r e i n t e r p r e t e d in 
t e r m s of the convec t ive-d i f fus ion m o d e l . 

The t e m p e r a t u r e and ve loc i ty d e p e n d e n c e of the d i s s o l u t i o n flux w e r e 
cons i s t en t with a l i q u i d - d i f f u s i o n - c o n t r o l l e d p r o c e s s for spec i f i c h y d r o -
dynamic condi t ions . A t r a n s i t i o n be tween diffusion c o n t r o l and r e a c t i o n con­
t r o l was noted at 860°C by va ry ing the r o t a t i o n s p e e d of the d i s c . The 
t r a n s i t i o n o c c u r r e d when the t e m p e r a t u r e w a s d e c r e a s e d f r o m 750 to 650''C 
at a ro t a t i ona l speed of 10.0 r p m . 

Quant i t a t ive a g r e e m e n t w a s not a t t a ined b e t w e e n the m a g n i t u d e of the 
m a s s flux obtained f rom the diffusion m o d e l and the e x p e r i m e n t a l v a l u e s . 
The effects of l iquid p e n e t r a t i o n into the d i s c s a m p l e m a y accoun t for t he 
d i f ference be tween the e x p e r i m e n t a l and c a l c u l a t e d di f fus ional f l uxes . T h i s 
point i s unde r inves t iga t ion in a t w o - c o m p o n e n t ( l i qu id - so l id ) s y s t e m w h e r e 
l iquid p e n e t r a t i o n into the d i sc i s un l ike ly . Solute diffusivi ty m e a s u r e m e n t s 
in the l iquid wil l a l so be made to p rov ide a q u a n t i t a t i v e c o r r e l a t i o n for both 
the t e m p e r a t u r e dependence and the magn i tude of the m a s s flux. 

The use of 304 SS as a con t a inmen t m a t e r i a l for the l o w - m e l t i n g , 
b i s m u t h - t i n eu tec t i c al loy i s not r e c o m m e n d e d at t e m p e r a t u r e s above 500°C. 
Since liquid p e n e t r a t i o n does not o c c u r u n i f o r m l y at the l o w e r t e m p e r a t u r e s , 
a v e r a g e c o r r o s i o n r a t e s and e q u i l i b r i u m so lubi l i ty da ta a r e not suff ic ient 
for specifying a m i n i m u m wal l t h i c k n e s s for a c o n t a i n m e n t v e s s e l . At 
h ighe r t e m p e r a t u r e s , the p e n e t r a t i o n of 304 SS by the e u t e c t i c a l loy would 
r e s u l t in a r ap id weakening of s t r u c t u r a l p a r t s . 
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APPENDIX A 

Chemical Analysis for the 304 SS Sample Material 

Element 

F e 

C r 

Ni 

Mn 

C 

R uns 1-6. 
w/o 

70.10 

18.13 

9.72 

1.29 

0.04 

R uns 7- 13. 
w/o 

70.10 

18.25 

9.38 

2.24 

0.04 

R' uns 14-17. 
w/o 

70.44 

18.65 

9.03 

1.80 

0.07 



A P P E N D I X B 

C h e m i c a l - a n a l y s i s Data for the D i s s o l u t i o n R u n s 

Run 

T = 
150 

T i m e , 
hr 

0 
0.25 
0,50 
1.00 
1.67 
2.50 
3,33 

18.3 
21.7 
25 0 

No. 

20C 

1 

)°C Weig! 
r p m Bath 

w / o F e 

<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 

ht of B i -Sn 
= 4680 g 

Weight of 
= 48.1472 

Bi -Sn Bath C o m p o s i t i o 

w / o Cr 

<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 
<0.005 

w / o Ni 

<0 .001 
<0 .001 
<0 .001 
<0 .001 
<0 .001 
<0 .001 
<0 .001 
<0 ,001 
<0 .001 
<0 .001 

304 SS D i s c 

g 

n 

w / o Mn 

<0.0005 
<0,0005 
<0.0005 
<0.0005 
<0.0005 
<0.0005 
<0.0005 
<0.0005 
<0.0005 
<0.0005 

D i a m c 
= 5.08 

w/( 

if D i s c 

c m 

2 C i , * 
3 304 SS 

~0 
~0 
~0 
~0 
~0 
~0 
~0 
~0 
~0 
~0 

Run No. 2 

T = 860°C Weight of Bi -Sn Weight of 304 SS Disc D i a m of D i s c 
100 r p m Bath = 4496 g = 47.2804 g = 5.08 c m 

^ Bi -Sn Bath C o m p o s i t i o n ^ 
T i m e , z.Ci,'^ 

hr w / o Fe w / o Cr w / o Ni w / o Mn w / o 304 SS 

0 <0.005 <0.005 <0.005 <0.0005 ~0 
0.66 0.034 0.012 0.008 0.0005 0.0545 
1.0 0.051 0.019 0.013 0.0015 0.0845 
2.0 0.082 0,026 0.015 0.002 0.125 
3.0 0.092 0,023 0.015 0.003 0.133 
4.0 0.170 0.057 0.033 0.004 0.264 
5.0 0.170 0.058 0.034 0.003 0.265 
6.0 0.160 0.050 0.035 0.004 0.249 

22.0 0.320 0.120 0.073 0.010 0.523 
26.0 0.300 0.120 0.080 0.010 0.510 
30.0 0.290 0.130 0.086 0 0 1 0 0,516 
75,0 0.240 0.160 0.110 0.015 0.525 
94.0 0.260 0.160 0.110 0.014 0.544 

100.0 0.230 0.170 0,120 0.015 0.535 

2Ci = s u m of the c o n c e n t r a t i o n s of the four c o m p o n e n t s of Type 304 
s t a i n l e s s s t ee l in the b i s m u t h - t i n ba th . 



31 

Run No. 

T = 
100 ; 

T i m e , 
h r 

0.5 
1.0 
1.5 
2.0 
2.5 
3.5 
4.0 
5.0 
8.0 
9.0 

10.0 
23.5 
28.0 
32.0 
47 .5 
50.0 

Run 

T = 
100 

T i m e , 
h r 

0.5 
1.0 
2.0 
3.0 
5.0 
6.0 
7.0 
8.0 
9.0 

24.5 
29.0 
33.0 
50.0 

65C 

3 

)°C Weight of B i - S n 
r p m B a t h 

No 

w / o F e 

<0 .003 
<0 .003 
< 0 . 0 0 3 
<0 .003 

0.0049 
0.0060 
0 .0085 
0.0087 
0.0142 
0.0168 
0.020 
0.046 
0.052 
0.058 
0.058 
0.074 

. 4 

= 4498 g 

B i - S n Ba th 

w / o C r 

<0 .0005 
< 0 . 0 0 0 5 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 

0.0008 
0.0015 
0.0026 
0.0039 
0.0060 
0.0140 
0.0137 
0.0149 
0.0168 
0.0190 

450°C Weight of B i - S n 
r p m Ba th 

w / o F e 

<0 .0005 
<0 .0005 
< 0 . 0 0 0 5 
< 0 . 0 0 0 5 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 

0.0039 
0.0068 
0.0076 
0.0106 
0.0093 

= 4502 g 

Weight of 304 SS Disc D i a m of Di sc 
= 47.8185 g 

C o m p o s i t i o n 

w / o Ni 

< 0 . 0 0 0 5 
< 0 . 0 0 0 5 
< 0 . 0 0 0 5 
< 0 . 0 0 0 5 
< 0 . 0 0 0 5 
< 0 . 0 0 0 5 

0.0007 
0.0010 
0.0016 
0.0023 
0.0028 
0.0070 
0.0087 
0.0090 
0.0110 
0.0115 

= 

w / o Mn 

<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 

0.0006 
0.0010 
0.0013 
0.0013 
0.0013 
0.0011 

5.08 c m 

S C ; , * 
w / o 304 SS 

~0 
0 
0 
0 

0.0049 
0.0060 
0.0100 
0.0112 
0.0184 
0.0230 
0.0294 
0.0680 
0,0757 
0.0832 
0.0871 
0.1155 

Weight of 304 SS Disc D i a m of Di sc 
= 47.3877 g 

B i - S n Ba th C o m p o s i t i o n 

w / o C r 

<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
< 0 . 0 0 0 5 
< 0 . 0 0 0 5 

0 .0011 
0.0013 
0.0013 
0.0015 

w / o Ni 

<0 .0005 
<0 .0005 
<0 .0005 
< 0 . 0 0 0 5 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 

0.0008 
0.0009 
0.0010 
0.0012 

-

w / o Mn 

<0 .0005 

<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0 .0005 
<0.0005 
<0.0005 
<0 .0005 
<0.0005 
<0.0005 

5.08 c m 

2 C i . * 
w / o 304 SS 

~0 

~0 
~0 
~0 
~0 
~0 
~ 0 
~0 

0.0039 
0.0087 
0.0098 
0.0129 
0.0120 

* S C i = s u m of t he c o n c e n t r a t i o n s of the four c o m p o n e n t s of Type 304 
s t a i n l e s s s t e e l in the b i s m u t h - t i n ba th . 
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Run No. 5 

T = 
10 .0 

T i m e . 
h r 

0 .5 

1.0 

1.5 
2 .0 

3.0 

4 . 0 

5.0 

6 .0 

7 .0 

8 .0 

9 .0 
2 4 . 0 

2 8 . 5 
3 2 . 5 
4 8 . 0 

7 2 . 0 

8 0 . 0 

R u n 

T = 

10.0 

h r 

0 .5 
1.0 

2 .0 

3.0 

4 . 0 

5.0 

6.0 

7 .0 
8.0 

9 .0 

10 .0 

650°C W e i g h t of B i - S n 

r p m B a t h 

w / o F e 

< 0 . 0 0 3 

< 0 . 0 0 3 

< 0 . 0 0 3 

< 0 . 0 0 3 

< 0 . 0 0 3 

< 0 . 0 0 3 

< 0 . 0 0 3 

0 . 0 0 5 3 

0 . 0 0 4 2 

0 . 0 0 4 2 

0 . 0 0 5 8 

0 . 0 3 4 0 

0 . 0 3 2 4 

0 . 0 3 5 8 
0 . 0 5 6 0 

0 . 0 6 0 0 

0 . 0 6 8 0 

N o . 6 

860'>C W e i g 

r p m B a t h 

w / o F e 

0 . 0 1 3 7 
0 . 0 2 9 0 

0 . 0 5 6 0 
0 . 0 9 0 0 

0 . 1 4 2 0 

0 . 1 3 6 0 

0 . 1 6 4 0 

0 . 1 6 4 0 

0 . 1 9 2 0 

0 . 1 9 6 
0 . 2 1 2 

= 4 5 0 2 g 

B i - S n B a t h 

w / o C r 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

0 . 0 0 1 8 

0 . 0 0 1 1 

0 . 0 0 1 5 

0 . 0 0 1 6 
0 . 0 1 0 2 

0 . 0 1 0 0 

0 . 0 1 0 0 

0 . 0 1 3 6 
0 . 0 1 8 4 

0 . 0 2 0 0 

h t of B i - S n 

= 4 4 7 6 g 

W e i g h t of 3 0 4 SS D i s c D: 

= 4 7 . 3 8 7 7 g 

C o m p o s i t i o n 

w / o N i 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

0 . 0 0 1 0 

0 . 0 0 1 0 

0 . 0 0 0 8 

0 . 0 0 1 5 

0 . 0 0 5 7 

0 . 0 0 5 0 

0 . 0 0 6 0 

0 . 0 0 8 2 

0 . 0 0 9 8 

0 . 0 1 0 4 

— 

w / o M n 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

0 . 0 0 0 6 
0 . 0 0 1 1 

0 . 0 0 1 2 

0 . 0 0 1 0 

0 . 0 0 1 4 

0 . 0 0 1 7 

0 . 0 0 1 7 

W e i g h t of 3 0 4 SS D i s c D 

= 4 7 . 4 0 6 8 g 

B i - S n B a t h C o m p o s i t i o n 

w / o C r 

0 . 0 0 5 3 

0 . 0 1 1 0 

0 . 0 1 9 5 

0 . 0 2 4 8 

0 . 0 3 4 6 

0 . 0 3 9 2 

0 . 0 5 2 0 

0 . 0 5 0 8 

0 . 0 6 0 0 

0 . 0 6 9 2 

0 . 0 6 9 2 

w / o N i 

0 . 0 0 2 9 
0 . 0 0 5 7 

0 . 0 1 2 3 

0 . 0 1 6 4 

0 . 0 2 2 8 

0 . 0 2 7 2 

0 . 0 3 0 4 

0 . 0 3 2 4 

0 . 0 3 6 8 

0 . 0 3 7 6 

0 . 0 3 6 8 

= 

w / o M n 

< 0 . 0 0 0 5 
0 . 0 0 1 1 

0 . 0 0 1 7 

0 . 0 0 2 4 

0 . 0 0 3 1 

0 . 0 0 4 6 

0 . 0 0 4 6 
0 . 0 0 5 2 

0 . 0 0 5 5 

0 . 0 0 4 8 

0 . 0 0 4 9 

i a m of D i s c 

5 . 0 8 c m 

ZCi,* 

w / o 3 0 4 SS 

~0 

~0 

~0 

~0 

~0 
~0 

~0 
0 . 0 0 8 1 

0 . 0 0 6 3 

0 . 0 0 6 5 

0 . 0 0 9 5 

0 . 0 5 1 0 

0 . 0 4 8 6 

0 . 0 5 2 8 

0 . 0 6 9 2 

0 . 0 8 9 9 
0 . 0 9 0 1 

i a m of D i s c 

5 . 0 8 c m 

sc^,* 
w / o 3 0 4 SS 

0 . 0 1 9 0 

0 . 0 4 6 8 

0 . 0 8 9 5 

0 . 1 3 3 6 

0 . 2 0 2 5 

0 . 2 0 7 0 

0 . 2 5 1 0 

0 . 2 5 2 4 

0 . 2 9 4 3 

0 . 3 0 7 6 

0 . 3 2 2 9 

* Z C j - s u m of t h e c o n c e n t r a t i o n s of t h e f o u r c o m p o n e n t s of T y p e 3 0 4 

s t a i n l e s s s t e e l in t h e b i s m u t h - t i n b a t h . 
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Run No. 6 (Contd. ) 

_,. B i - S n Ba th C o m p o s i t i o n ^ _ ^ 
T i m e . - SCi . * 

h r N/O F e w / o Cr w / o Ni w / o Mn w / o 304 SS 

24.0 0.305 0.110 0.0615 0.0073 0.4838 
28.0 0 .233 0.082 0.062 0.0082 0.3852 
48 .0 0 .233 0.085 0.074 0.0094 0.4014 
52.0 
56.0 
72.0 

100.0 

Run 

T = 
10.0 

T i m e , 
h r 

0.5 
1.0 
2.0 
3.0 
4 .5 
7.0 
8.0 

10.0 
24.25 
32.5 
48.0 
52.5 

100.0 
150.0 

0.215 
0.227 
0.195 
0.258 

No. 7 

750°C Weight 
r p m B a t h = 

w / o F e 

< 0 . 0 0 3 
< 0 . 0 0 3 
< 0 . 0 0 3 

0 .0031 
0.0077 
0 .0485 
0.0550 
0.0990 
0.1340 
0 .1075 
0.1320 
0.1500 
0.1530 
0.1460 

0.105 
0.096 
0.106 
0.139 

of B i - S n 
4483 g 

0.084 
0.073 
0.091 
0.101 

0.0108 
0.0104 
0.0130 
0.0136 

Weight of 304 SS Disc D 
= 45.8062 g 

B i - S n Ba th C o m p o s i t i o n 

w / o C r 

<0 .0005 
<0 .0005 
<0 .0005 

0.0014 
0.0031 
0.0134 
0.0160 
0.0335 
0.0555 
0.0450 
0.0570 
0.0670 
0.0910 
0.0830 

w / o Ni 

<0 .0005 
<0 .0005 
<0 .0005 

0.0013 
0.0020 
0.0095 
0.0114 
0.0195 
0.0375 
0.0345 
0.0465 
0.0585 
0.0780 
0.0905 

-

w / o Mn 

<0.0005 
<0.0005 
<0 .0005 
<0 .0005 
<0.0005 

0.0012 
0.0018 
0.0027 
0.0043 
0.0049 
0.0076 
0.0083 
0.0128 
0.0135 

0.4148 
0.4064 
0.4050 
0.5116 

i am of Di sc 
5.08 c m 

SC^,* / ^ w / o 304 SS 

~0 

~0 
~0 

0.0058 
0.0128 
0.0726 
0.0842 
0.1547 
0.2313 
0.1919 
0.2431 
0.2838 
0.3348 
0.3330 

*2C- = s u m of the c o n c e n t r a t i o n s of the four c o m p o n e n t s of Type 304 
s t a i n l e s s s t e e l in the b i s m u t h - t i n ba th 
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R u n 

T = 
2 .0 

T i m e , 
h r 

0 .5 

1.0 

2 .0 

3 .5 

5.0 

6 .0 

7 .0 

8 .0 

9 .0 

10 .0 

2 4 . 0 

3 5 . 0 

4 8 . 0 

7 2 . 0 

127 .0 

1 5 0 . 0 

N o 8 

8 6 0 ° C Weig l 
r p m B a t h 

w / o F e 

0 . 0 0 8 3 

0 . 0 1 3 2 

0 . 0 3 0 1 

0 . 0 4 5 0 

0 , 0 5 1 
0 . 0 5 3 

0 . 0 6 9 
0 . 0 6 7 

0 . 0 6 8 

0. 106 

0 . 2 2 6 

0 . 2 6 4 
0 . 2 4 0 

0 . 3 5 0 

0 . 2 7 4 

0 . 2 7 6 

tit of B i - S n 
= 4 4 6 3 g 

W e i g h t of 3 0 4 SS D i s c 

= 4 6 . 7 8 8 8 g 

B i - S n B a t h C o m p o s i t i o n 

w / o C r 

0 . 0 0 3 5 

0 . 0 0 4 1 

0 . 0 1 2 6 

0 . 0 1 6 4 

0 . 0 1 4 2 

0 . 0 1 6 1 

0 . 0 2 8 6 

0 . 0 2 8 6 

0 . 0 3 3 8 

0 . 0 4 8 0 

0 . 0 8 6 

0 . 0 9 5 

0 . 1 1 0 

0. 117 

0 . 1 1 4 

0 . 1 2 6 

w / o N i 

0 , 0 0 2 6 

0 0 0 3 4 

0 . 0 0 7 5 

0 . 0 0 8 8 

0 , 0 0 9 2 

0 0 1 0 0 

0 . 0 2 5 2 

0 . 0 1 7 6 

0 . 0 1 9 0 

0 . 0 2 2 4 

0 . 0 5 5 0 

0 . 0 6 1 0 

0 . 0 8 0 5 

0 . 0 8 4 0 

0 , 1 1 2 

0. 102 

w / o M n 

< 0 . 0 0 0 5 

0 . 0 0 0 5 

0 . 0 0 0 8 

0 . 0 0 1 3 

0 . 0 0 1 2 

0 . 0 0 1 4 

0 . 0 0 3 4 

0 . 0 0 2 4 

0 . 0 0 2 7 

0 . 0 0 3 2 

0 . 0 0 7 6 

0 . 0 0 8 5 

0 . 0 1 2 9 
0 , 0 0 9 6 

0 , 0 1 4 3 

0 . 0 1 3 6 

D i a m of D i s c 

= 5 . 0 8 c m 

Z C i , * 

w / o 3 0 4 SS 

0 0 1 4 4 

0 . 0 2 1 2 

0 . 0 5 1 0 

0 . 0 7 1 5 

0 . 0 7 5 6 

0 . 0 8 0 5 

0. 1 2 6 2 

0 , 1 1 5 6 

0 1 2 3 5 

0 . 1 7 9 6 

0 . 3 7 4 6 

0 . 4 4 8 5 

0 . 4 4 3 4 

0 . 5 6 0 6 

0 . 5 1 4 3 

0 . 5 1 7 6 

T = 

3 0 . 0 

h r 

0 .5 
1.0 

2 .0 

3 0 

4 , 5 

5.0 

6 ,0 

6,0 

7 .0 

8-0 

10 .0 

8 6 0 ° C W e i g 

r p m B a t h 
4 5 0 2 

w / o F e 

< 0 . 0 0 5 

< 0 . 0 0 5 

< 0 . 0 0 5 

0 . 0 1 9 0 

0 . 0 5 5 5 

0 . 0 5 6 0 
0, 1120 

0 . 1 1 6 0 

0 , 1 7 2 0 

0 , 2 0 4 0 

0 , 2 8 5 0 

h t 

= 
g 

of B i - S n 

4 5 0 0 a n d 

B i - S n B a t h 

w / o C r 

< 0 . 0 0 1 

< 0 . 0 0 1 

< 0 . 0 0 1 

0 .005V 

0 , 0 1 6 5 

0 . 0 1 8 4 

0 . 0 3 2 4 

0 . 0 3 5 6 

0 . 0 4 9 0 

0 , 0 4 5 2 

0 , 0 7 6 5 

Wi 

= 
4 5 

C^ 

s i g h t of 3 0 4 SS D i s c s D 

4 6 . 8 7 4 1 g (9) a n d 

. 6 5 5 8 g (11) 

o m p o s i t i o n 

w / o N i 

< 0 . 0 0 1 

< 0 . 0 0 1 

< 0 . 0 0 1 

0 . 0 0 3 1 

0 , 0 1 0 0 

0 . 0 0 8 8 

0 . 0 1 8 9 
0 . 0 2 7 6 

0 . 0 2 5 8 

0 , 0 3 0 2 

0 , 0 3 7 5 

w / o M n 

< 0 . 0 0 0 5 

< 0 . 0 0 0 5 

< 0 , 0 0 0 5 

0 . 0 0 0 5 

0 . 0 0 1 4 

0 . 0 0 1 7 

0 . 0 0 2 3 

0 . 0 0 4 2 

0 , 0 0 3 7 

0 . 0 0 4 5 

0 . 0 0 6 0 

i a m of D i s c s 

5 . 0 8 c m 

2 C i , * 

w / o 3 0 4 SS 

- 0 

~0 

~0 

0 , 0 2 8 3 

0 0 8 3 4 

0 . 0 8 4 9 

0 . 1 6 5 6 

0 . 1 8 3 4 

0 . 2 5 0 5 

0 , 2 8 5 9 
0 . 4 0 5 0 

*ZCj - sum of the concentrations of the four components from Type 304 
stainless steel in the bismuth-tin bath 
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Run 

T i m e , 
h r 

10.0 
24.0 
25.0 

150.0 

N o s . . 9 and 11 

w / o F e 

0.2040 
0 .2765 
0.2580 
0.2650 

R u n No. 10 

T = 
150 

T i m e , 
h r 

860°C Weight 
r p m Ba th = 

w / o F e 

C o m b i n e d Da ta (Contd. ) 

B i - S n Ba th C o m p o s i t i o n 

w / o Cr 

0.0740 
0.0945 
0.1100 
0.1330 

; of B i - S n 
• 4501 g 

w / o Ni 

0.0500 
0.0585 
0.0705 
0.1110 

•?^r.. * 

w / o Mn w / o 304 SS 

0.0063 0.3343 
0.0084 0.4379 
0.0082 0.4467 
0.0169 0.5259 

Weight of 304 SS Disc D i a m of Di sc 
= 45 .4446 g = 5.08 c m 

B i - S n Ba th C o m p o s i t i o n 

w / o Cr w / o Ni 

yn. * 

w / o Mn w / o 304 SS 

0.5 0.0275 0.0080 0.0047 0.0004 0.0406 
1.0 0.0640 0.0160 0.0109 0.0010 0.0919 
2.0 0.1100 0.0282 0.0203 0.0019 0.1604 
4.0 0.1590 0.0635 0.0360 0.0045 0.2630 
5.0 0.2140 0.0635 0.0394 0.0046 0.3215 
6.0 0.2290 0.0635 0.0446 0.0061 0.3432 
8.0 0.2450 0.0795 0.0550 0.0069 0.3864 

10.0 0.2500 0.0850 0.0640 0.0078 0.4068 
24.0 0.3130 0.1260 0.0900 0.0119 0.5409 
30.0 0.290 0.1160 0.0920 0.0125 0.5105 
56.0 0.290 0.1250 0.0910 0.0119 0.5079 
72.0 0.315 0.1350 0.1200 0.0150 0.5850 

100 0 0.320 0.1380 0.1180 0.0170 0.5930 

Run No. 12 

T = 860°C Weight of B i - S n Weight of 304 SS Disc D i a m of Di sc 
20.0 r p m B a t h = 4503 g = 47 .1795 g = 5.08 c m 

S a m p l e s w e r e not s u b m i t t e d for c h e m i c a l a n a l y s i s b e c a u s e of p r o b ­

l e m s e n c o u n t e r e d wi th d i s c r o t a t i o n du r ing the r u n . 

*ECi = s u m of the c o n c e n t r a t i o n s of the four c o m p o n e n t s of Type 304 
s t a i n l e s s s t e e l in the b i s m u t h - t i n ba th . 
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Run No. 13 

T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc 
50.0 rpm Bath = 4500 g = 46.7014 g = 5.08 cm 

T i m e , 
hr 

0 .5 

1.0 

2 . 5 
3 .0 

4 . 0 

4 . 5 

5 ,5 

6 .0 

8 .0 

10.0 
24.0 
30.0 
32,0 
50.0 

R u n 

w / o F e 

<0.001 
<0.001 
<0.001 

0.0475 
0.0770 
0.0740 
0.0970 
0.1270 
0.1480 
0.1775 
0.2708 
0.2558 
0.2763 
0.2553 

No. 14 

Bi -Sn Ba th t 

w / o Cr 

<0.001 
<0 .001 

0.0042 
0.0111 
0.0191 
0.0202 
0.0244 
0.0382 
0.0416 
0.0510 
0.0785 
0.0798 
0.0920 
0.0905 

- .omposi t ion 

w / o Ni 

<0 .001 
<0 .001 

0.0026 
0.0071 
0.0109 
0.0143 
0.0161 
0.0295 
0.0344 
0.0393 
0.0733 
0.0775 
0.0713 
0.0880 

w / o Mn 

<0.0005 
<0 .0005 
<0 .0005 

0.0009 
0.0013 
0.0019 
0.0022 
0.0023 
0.0041 
0.0048 
0.0074 
0.0089 
0.0086 
0.0109 

2 C i , * 
w / o 304 SS 

~ 0 

~ 0 

0.0068 
0.0066 
0, 1083 
0.1104 
0.1397 
0. 1970 
0.2281 
0.2726 
0.4300 
0.4170 
0.4482 
0.4447 

T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc 
30.0 rpm Bath = 3349 g = 48.3714 g = 5.08 cm 

Samples were not submitted for chemical analysis because of prob­
lems encountered with disc rotation during the run. 

R u n 

T = 
30.0 

h r 

1.0 

2 .0 

4 . 5 

N o . 

86C 

^5++ 

)°C Weight 
r p m Bath = 

of B i -Sn 
4503 g 

W 

= 

Bi-Sn Ba th Ci 

w / o F e 

0.2975 
0.2390 
0.3090 

w / o Cr 

0.0850 
0.0635 
0.0900 

eight of 
47.1795 

304 SS Disc 

g 

ompos i t i on 

w / o Ni 

0.0800 
0,0740 
0,0810 

w / o Mn 

0.0059 
0.0045 
0.0066 

D i a m of Disc 
= 5 08 c m 

ZC^,* 
w / o 304 SS 

0.4684 
0.3710 
0.4866 

*ZCi = sum of the concentrations of the four components from Type 304 
stainless steel in the bismuth-tin bath. 

**The disc was lowered into the bath at a temperature of 300°C. 
Ten hours later, the system reached 860°C and was at temperature 
for 3.5 hr prior to setting the rotational speed to 30 rpm. 



Run No. 15** (Contd . ) 
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T i m e , 
h r 

6.75 
9.0 

30.0 
79.0 

w / o F e 

0.2675 
0.2975 
0.4050 
0.3730 

Run No. 16 

T = 
10.0 

T i m e , 
h r 

0.0 
0.25 
0.50 
1.0 
2.0 
3.0 
3.5 
4.0 
6.0 

Run 

T = 
10.0 

T i m e , 
h r 

0.0 
0.25 
0.75 

t s i -bn Uath 

w / o C r 

0.0815 
0.0885 
0.1350 
0.1500 

1100°C Weight of B i -Sn 
r p m Ba th 

w / o F e 

0.060 
0.2285 
0.2925 
0.4165 
0.6640 
0.8500 
0.8700 
1.0400 
0.9150 

No. 17 

= 2700 g 

C o m p o s i t i o n 

w / o Ni 

0.0825 
0.0810 
0.1225 
0.1330 

w / o Mn 

0.0042 
0.0059 
0.0116 
0.0162 

Z C i , * 
w / o 304 SS 

0.4357 
0.4729 
0.6741 
0.6722 

Weight of 304 SS Disc D i a m of Di sc 
= 48.0533 g 

B i - S n Ba th C o m p o s i t i o n 

w / o C r 

0.0192 
0.0820 
0.0955 
0.1425 
0.1960 
0.2360 
0.2620 
0.2740 
0.2960 

I050°C Weight of B i - S n 
r p m Ba th 

w / o F e 

<0 .0005 
0.0670 
0.2185 

= 2700 g 

w / o Ni 

0.0315 
0.0700 
0.0805 
0.1105 
0.1420 
0.1730 
0.1860 
0.1860 
0.1800 

-

w / o Mn 

0.0011 
0.0049 
0.0073 
0.0116 
0.0140 
0.0178 
0.0213 
0.0214 
0.0257 

5.08 c m 

2 C i , * 
w / o 304 SS 

0.1118 

0.3854 
0.4758 
0.6711 
1.0160 
1.2768 
1.3393 
1.5214 
1.4167 

Weight of 304 SS D i s c D i a m of Disc 

= 47.7780 g 

B i - S n Ba th C o m p o s i t i o n 

w / o Cr 

<0.0005 
0.0210 
0.0675 

w / o Ni 

<0.0005 
0.0098 
0.0390 

^ 

w / o Mn 

<0.0005 
0.0014 
0.0063 

5.08 c m 

Z C i , * 
w / o 304 SS 

~0 

0.0992 
0.3313 

*ZCi = s u m of the c o n c e n t r a t i o n s of the four c o m p o n e n t s f r o m Type 304 
s t a i n l e s s s t e e l in the b i s m u t h - t i n b a t h . 

*+The d i s c w a s l o w e r e d into the b a t h a t a t e m p e r a t u r e of 300°C. 
T e n h o u r s l a t e r , the s y s t e m r e a c h e d 860''C and w a s a t t e m p e r a t u r e 
for 3.5 h r p r i o r t o se t t ing the r o t a t i o n a l s p e e d to 30 r p m . 
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Run No. 17 (Contd.) 

T i m e , 
h r 

1.00 
1.50 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
6.0 
7.0 

24.0 
31.0 
51.5 

w / o F e 

0.3700 
0.555 
0.625 
0.640 
0.688 
0.710 
0.810 
0.720 
0.780 
0.790 
0.733 
0.816 
0.890 
0.850 

Bi -Sn Bath 

w / o Cr 

0.1035 
0.1585 
0.1850 
0.2010 
0.2180 
0.2320 
0.2670 
0.2560 
0.2740 
0.2590 
0.2540 
0.2740 
0.3270 
0.2970 

C o m p o s i t i o n 

w / o Ni 

0.0620 
0.0720 
0.0940 
0.0845 
0. 1100 
0. 1080 
0.1285 
0.1080 
0.1355 
0.1260 
0.1350 
0.1500 
0.1690 
0.1650 

w / o Mn 

0.0146 
0.0116 
0.0120 
0.0125 
0.0152 
0.0162 
0.0160 
0.0144 
0.0081 
0.0100 
0.0105 
0.0100 
0.0111 
0.0100 

Z C i , * 
w / o 304 SS 

0.5501 

0.7971 
0.9160 
0.9380 
1,0312 
1.0662 
1.2215 
1.0884 
1.1976 
1.1850 
1. 1325 
1.2500 
1.3971 
1.3220 

ZCi - sum of the c o n c e n t r a t i o n s of the four c o m p o n e n t s f r o m Type 304 
s t a i n l e s s s t ee l in the b i s m u t h - t i n ba th . 
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A P P E N D I X C 

E q u i l i b r i u m - s o l u b i l i t y Data for 304 SS in the B i - 4 2 w / o S n 
E u t e c t i c Al loy 

T e m p , 
"C 

450 

650 

860 

985 

1050 

UOO 

w / o F e 

< 0.005 

< 0.005 

< 0.005 

0.0587 

0.0475 

0.0727 

0.2735 

0.2290 

0.2700 

0.6080 

0.4700 

0.5125 

0 .8110** 

0 .9350** 

IDdLIl o o m 

w / o Cr 

0.0058 

0.0044 

0.0051 

0.0572 

0.0610 

0.0595 

0.2050 

0.2180 

0.2650 

0.3870 

0.4090 

0.3880 

poaiuion 
w / o Ni 

0.0060 

0.0058 

0.0055 

0.1425 

0.1040 

0.1084 

0.7740 

0.7520 

0.8890 

* 

w / o Mn 

< 0.0005 

< 0.0005 

< 0.0005 

0.0147 

0.0129 

0.0125 

0.0772 

0.0892 

0.0932 

* 

E q u i l i b r a t i o n 
T i m e , hr 

- 4 2 6 

- 5 0 0 

- 5 0 0 

- 1 9 0 

- 5 5 

6 

• S a t u r a t i o n wi th r e s p e c t to n i c k e l and m a n g a n e s e m a y not have been 

a t t a i n e d . 

**VaIues f r o m the d i s s o l u t i o n c u r v e s for i r o n in Runs 16 and 17. 
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